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014.02.0Abstract A multi-agent based ﬂeet maintenance personnel conﬁguration method is proposed to
solve the mission oriented aircraft ﬂeet maintenance personnel conﬁguration problem. The mainte-
nance process of an aircraft ﬂeet is analyzed ﬁrst. In the process each aircraft contains multiple
parts, and different parts are repaired by personnel with different majors and levels. The factors
and their relationship involved in the process of maintenance are analyzed and discussed. Then
the whole maintenance process is described as a 3-layer multi-agent system (MAS) model. A com-
munication and reasoning strategy among the agents is put forward. A ﬂeet maintenance personnel
conﬁguration algorithm is proposed based on contract net protocol (CNP). Finally, a ﬂeet of 10
aircraft is studied for veriﬁcation purposes. A mission type with 3 waves of continuous dispatch
is imaged. Compared with the traditional methods that can just provide conﬁguration results,
the proposed method can provide optimal maintenance strategies as well.
ª 2014 Production and hosting by Elsevier Ltd. on behalf of CSAA & BUAA.
Open access under CC BY-NC-ND license.1. Introduction
As one of the key maintenance recourses, maintenance man-
power is the subject of equipment maintenance. With the rapid
development of technology, for instance, high velocity mainte-
nance is becoming a trend,1 and three level maintenance is
being transferred to two level maintenance;2 maintenance sys-
tems need improving and optimization. A maintenance system
involves multiple factors, and all maintenance actions are82313214.
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16performed by personnel. Therefore, the number of mainte-
nance personnel is affected by multiple relevant factors,3 and
is difﬁcult to determine. Meanwhile, aviation unit maintenance
(AVUM) is directly related to combat effectiveness, while re-
sources are limited. Therefore, the conﬁguration of mainte-
nance personnel of AVUM is very important.
At present, AVUM oriented ﬂeet maintenance personnel
conﬁguration methods can be classiﬁed into 3 categories. The
ﬁrst is historical methodology.3,4 For instance, the empirical
formula:4 the total maintenance time equivalent is ﬁrst ac-
quired, and then the maintenance time of each task is predicted,
ﬁnally, the number of maintenance personnel is determined by
judging the available maintenance time of a single person.
The second is mathematical programming.5–9 For instance,
the mixed integer linear programming:5 an enumerative algo-
rithm with bounding is proposed, in which each node of the
enumeration tree represents a mixed integer linear problem
(MILP), then the MILP is reformulated such that it becomesSAA & BUAA. Open access under CC BY-NC-ND license.
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rithm:8 a multi-objective mathematic optimization model for
time and personnel is established by using the multi-objective
constraint theory, then the model is studied based on the
theory of modiﬁed ant colony algorithm. And genetic
algorithm (GA):9 business objective and process models are
established, while the problem of deciding service staff is
pointed out. A three-phase approach to decide service staff is
put forward, applying an improved GA and a speciﬁc evalua-
tion pattern.
The third is simulation:10 a discrete event simulation model
is presented for aircraft maintenance operation, which involves
various characteristics and behaviors of an aircraft mainte-
nance system. Optimization modules of the simulation soft-
ware generate an optimum maintenance plan, and the
optimum number of maintenance personnel to match the in-
creased workload in the future.
Of all these approaches, the empirical formula is the most
widely used in practice, but the result is far from reality due
to its excessive simpliﬁcation, and it needs to be adjusted
according to the maintenance personnel of similar equipment.
Mathematical programming is more accurate due to more con-
sideration of various factors, but it is still far from precise and
is difﬁcult to solve. Simulation can account for even more fac-
tors and avoid complex theoretical derivation. Therefore, sim-
ulation is a more promising method.
However, current research is still far from being able to
solve an actual maintenance personnel conﬁguration problem.
For example, new equipment that lacks historical data is not
suited to historical methodology. Meanwhile, more attention
is paid to the overall view of ﬂeet maintenance problem, while
individual pieces of equipment and person are largely ignored,
which does not match the reality very well, nor is appropriate
or accurate. Besides, in literature, maintenance tasks are usu-
ally regarded as time equivalent, while the effect of human er-
ror is not fully considered. Finally, current conﬁguration
methods usually follow certain rules to solve the optimal num-
ber of personnel and/or estimate the strategies, but the optimal
maintenance strategy is not so easily obtained.
As an advanced modeling technique, multi-agent modeling
has been successfully applied to maintenance modeling and
optimization.11–17 Agents can imitate the interaction and col-
laboration in the process of ﬂeet maintenance, and can improve
the accuracy of ﬂeet maintenance model. The application of
multi agent modeling can be divided into two aspects.Fig. 1 Fleet maintThe ﬁrst is maintenance optimization. For instance, Bouz-
idi-Hassini and Benbouzid-Sitayeb15 proposed a joint produc-
tion and maintenance scheduling that takes into account
human resources availability and skills to propose realistic
schedules, where multi-agent systems are used for modeling
the ﬂoor shop.
The second is maintenance inﬂuence factor analysis and
evaluation. For instance, Feng et al.17 established a carrier air-
craft operation and maintenance support model, and analyzed
the inﬂuence of RMS level on the dispatch capacity of the car-
rier aircraft ﬂeet.
Although multi-agent has not been applied to maintenance
personnel conﬁguration, it has laid a good foundation for the
ﬂeet maintenance personnel conﬁguration problem, and can
provide reference for its model framework and corresponding
modeling elements. Compared with maintenance personnel
conﬁguration, the gap lies in: (A) the description of mainte-
nance personnel is not detailed enough; (B) the analysis
capacity of the model is not sufﬁcient because generation of
strategy is not very well achieved.
Based on multi-agent modeling, an intelligent aircraft ﬂeet
maintenance personnel conﬁguration method for ﬁeld mainte-
nance is proposed in this paper. The multi-agent model can
imitate the detailed behavior of the maintenance personnel,
including their major, capability level, personnel cooperation,
human error, and the result is more accurate; moreover, the
number of personnel and personnel dispatching strategy can
be solved at the same time, which can provide more support
for maintenance system optimization.2. Problem descriptions
2.1. Analysis of the maintenance process
An aircraft contains multiple parts which may fail. When a
combat mission instruction is delivered to an aircraft, the air-
crew conducts a pre-ﬂight inspection, and once an aircraft re-
turns from a mission, the aircrew conducts a post-ﬂight
inspection. If failures don’t occur, the aircraft conducts the
mission, or the aircraft is sent to the maintenance process.
During the maintenance, human errors18 may occur, so a test
is required before the maintenance task is completed. Once the
maintenance is done, the aircraft waits for mission instructions
again. The detailed process is shown in Fig. 1.enance process.
Table 1 Factors involved in ﬂeet maintenance.
Factor Inﬂuencing element Sub-element Source of inﬂuence
Maintenance workload Failed parts (FP) None Reliability level & the number of aircraft in ﬂeet FN
Aircraft required (AR) None Mission & the number of aircraft in ﬂeet FN
Maintenance resource Maintenance time (MT) Logistic delay time TLD Supportability level
Time to locate a failure TL Maintenance personnel & testability level
Time to disassemble TD Maintenance personnel & maintainability level
Time to renew TRN
Time to repair TRP
Time to assemble TA
Time to test TT
Maintenance personnel (MP) Personnel number PN All elements
Personnel major PM Training & investment
Personnel level PL
Human error HE
Spare parts (SP) Spare part number SPN Investment
Spare part type SPT
Maintenance strategy Maintenance method (MM) Renew RN Maintainability level & spare part number
Repair RP
Maintenance level (ML) AVUM Supportability level
Maintenance opportunity (MO) Pre-ﬂight inspection Failure detecting and handling strategies
Post-ﬂight inspection
282 Q. Feng et al.2.2. Analysis of factors
Fleet maintenance, on the other hand, is quite different from
single aircraft maintenance. In ﬂeet maintenance, the aircrew
should consider many more factors, dispatch maintenance re-
sources as a whole, and form an integrated maintenance
scheme.
As is analyzed, ﬂeet maintenance involves 3 factors: main-
tenance workload (MW), maintenance resource (MR) and
maintenance strategy (MS), shown in Table 1. Maintenance
is considered successful when the number of aircraft available
is no less than the number of aircraft required.
Based on an analysis of the factors above, maintenance per-
sonnel number and scheduling strategy can be obtained at the
same time. The strategy means a certain person of a certain
major and a certain level will ﬁx a certain part at a certain
opportunity with a certain method, and so on. The relation-
ship among them is shown in Fig. 2, the PREFI is pre-ﬂight
inspection and the POSTFI is post-ﬂight inspection. Fig. 2 Relationship among all factors.2.3. Problem description
Consider a ﬂeet consisting of m aircraft, and a mission requir-
ing n aircraft (n is not ﬁxed and n 6 m). Each aircraft contains
p parts, and all p parts may fail during the mission, while fail-
ures can be forecasted before a mission starts. The whole ﬂeet
is supported by a limited maintenance staff, and the total num-
ber of spare parts is limited.
To deﬁne the maintenance personnel conﬁguration prob-
lem, some basic assumptions are listed below.
Assumption 1. Maintenance method (MM): for each part,
there are two maintenance methods, namely replace and
repair. Replacing a part requires less time but more spare
parts, while repairing a part requires no spare part but more
time.Assumption 2. Personnel major PM: different parts require dif-
ferent personnel majors. The same part with the same mainte-
nance method costs the same maintenance time, and other
situations cost different maintenance times.
Assumption 3. Personnel level PL: maintenance staff are
divided into different levels. Assume the maintenance person-
nel of the ith major are divided into n levels (Level 1 up to
Level n), and the difference lies in MT, including TL, TD,
TRN, TRP, TA and TT.
Assumption 4. Human errors HE may occur during the process
of maintenance. The probability of human error when main-
taining the ith part with the jth level is expressed as pij, and
the consequence of human error is a waste of time and/or spare
parts.
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ent sections can be maintained concurrently, while parts in the
same section can only be maintained following certain
sequences.
Assumption 6. Personnel cooperation (PC): a part can be
maintained by one or more staff. When the part is maintained
by personnel of the same level, assume Ti(j) stands for the time
required when the ith part is maintained by j men, and the
cooperation effect can be classiﬁed into 4 categories:
(A) non-cooperational, or j ” 1; (B) cooperation effect neutral,
or Ti(j) = Ti(1)/j, (j> 1); (C) cooperation effect positive, or
Ti(j) < Ti(1)/j, (j> 1); (D) cooperation effect negative, or
Ti(j) > Ti(1)/j, (j> 1). When the part is maintained by
personnel of different levels, according to current personnel
conﬁguration, the proportion of personnel in different levels
is ﬁxed. Assume a combination of maintenance personnel
(CMP) includes the basic number of personnel in different lev-
els, and Ti (CMP) stands for the time required when the ith
part is maintained by combination CMP. However, coopera-
tion involving too many staff is meaningless, so the maximum
number of maintenance personnel is limited, and the limit
decreases as the level increases.
The main purpose of this paper is to acquire the optimal
conﬁguration of maintenance personnel, as well as the mainte-
nance personnel dispatching scheme. Through the analysis of
the problem, the factors in Table 1 are handled below.
The objective of the problem is to minimize the total num-
ber of personnel. To stress the key point, the proportion of
personnel in different levels is ﬁxed. And the objective is:
min :
X
PN based on fixed proportion CMP ð1Þ
The main constraints of the problem are in Table 2. To
optimize the number of maintenance personnel, as well
as the optimal maintenance personnel dispatching scheme,
the variables are in Table 3. Based on the problem, the
parameters, or the factors following the current system, are
in Table 4.Table 2 Main constraints for maintenance personnel optimization
Constraint Description
AR Given the MR, the number of air
a mission success rate can be set.
lower than 1, the result is optim
Maintenance time required (MTR) A successful maintenance must b
SPN Spare parts are replaced accordi
Table 3 Variables for maintenance personnel optimization problem
No. Constraint Descrip
1 PN The nu
2 MM RN or R
3 CM CM is
4 PC PC is r3. Process modeling
3.1. Model framework
The ﬂeet maintenance process involves aircraft, maintenance
resources, and the overall management. Based on the multi-
agent technique, the whole process can be described as three
classes of agents, namely aircraft agent, maintenance agent
and management agent.
Among them, the aircraft agent and maintenance agent
stem from the actual system. The aircraft agent provides the
description of aircraft, represents the reliability of an aircraft,
and generates maintenance demands. The maintenance agent
provides the description of maintenance resources, represents
the maintenance capacity, and performs maintenance actions.
To increase simulation efﬁciency, one major of mainte-
nance resources is modeled into one maintenance agent. The
number of personnel can be regarded as a property of the
maintenance agent, while other properties include major,
maintenance time, human error probability and spare parts.
Management agent stems from the process of management,
and is in charge of the overall maintenance process.
In reality, maintenance actions are performed under man-
agement. Therefore, the management agent has priority over
aircraft agent and maintenance agent. Apart from communica-
tion, the internal reasoning mechanism may also affect the
model output. Therefore, the overall model structure can be di-
vided into 3 layers. The ﬁrst two layers are communication lay-
ers, and the 3rd layer is the reasoning layer.
The 1st layer is the global communication layer. The man-
agement agent communicates with aircraft agents and mainte-
nance agents, respectively, to coordinate the whole process.
The 2nd layer is the local communication layer. Aircraft agents
and maintenance agents communicate with each other, to ob-
tain maintenance strategies and the number of personnel. The
3rd layer is the reasoning layer. The original data is put into
the system, processed through a reasoning mechanism, and
transferred into results. The whole process includes generating
the original scheme, participating in cooperation, as well asproblem.
craft available (including maintained)PAR. For theoretical analysis,
When the rate is 1, maintenance must be successful; when the rate is
istic, and the result is reliable to some extent
e completed before the TR (the next task)
ng to types, and the SPN is limited
.
tion
mber of personnel is what this paper adjusts
P, is related to MW and SPN, and aﬀects the MT
related to PN, and aﬀects the MT
elated to the cooperation eﬀect, is related to PN, and aﬀects the MT
Table 4 Parameters for maintenance personnel optimization problem.
Parameter Description
ML In this paper, maintenance level is limited to AVUM
MO According to current maintenance system, two maintenance opportunities
are selected, the PREFI and the POSTFI
FP Estimated according to FN and the reliability level, and aﬀects the MW
PM According to current maintenance system, maintenance personnel is divided
into diﬀerent majors, and is set according to reality
PL According to current maintenance system, maintenance personnel is divided
into diﬀerent levels, and is set according to reality, aﬀects the MT
HE Select the probability of human error pij to estimate HE, aﬀects the MT and
SP
TLD Estimated according to historical data or experience, aﬀects the MT
TL Estimated according to historical data or experience, is related to testability
level, PN, PM and PL, and aﬀects the MT
TD Estimated according to historical data or experience, is related to
maintainability level, PN, PM and PL, and aﬀects the MT
TRN Estimated according to historical data or experience, is related to MM, PN,
PM and PL, exclusive to TRP, also related to SPN, and aﬀects the MT
TRP Estimated according to historical data or experience, is related to MM, PN,
PM and PL, exclusive to TRN, unrelated to SPN, and aﬀects the MT
TA Estimated according to historical data or experience, is related to
maintainability level, PN, PM and PL, and aﬀects the MT
TT Estimated according to historical data or experience, is related to inherent
characteristics, PN, PM and PL, and aﬀects the MT
284 Q. Feng et al.assessing and adjusting results. The detailed process is shown
in Fig. 3.
Although the model is divided into three layers, in the ac-
tual process, the three layers are mixed, rather than separated.
3.2. Communication and reasoning among agents
Based on the contract net protocol (CNP)19 and internal rea-
soning mechanisms, the optimal conﬁguration of ﬂeet mainte-
nance personnel can be achieved through communication and
reasoning among agents. The logical decision process of
agents’ communication and decision making through ﬂeet
maintenance is shown in Fig. 4.
3.2.1. Conﬁguration of maintenance strategies
In the process of maintenance strategy conﬁguration, the man-
agement agent communicates with aircraft agents, to acquire
the number of available aircraft, and determine whether
mission can succeed. If not, the management agent thenFig. 3 Fleet maintenance model based on multi-agent.communicates with maintenance agents, to acquire the number
of spare parts, and arrange the maintenance sequence accord-
ing to the number of total faulted parts. Parts are preferred to
be replaced, and the number of personnel is allowed to in-
crease. However, if mission can succeed, parts are preferred
to be repaired, and the number of personnel is not allowed
to increase. Then the management agent dispatches the main-
tenance strategy to corresponding aircraft agents and mainte-
nance agents.
3.2.2. Conﬁguration of maintenance resources
In the process of maintenance resource conﬁguration, aircraft
agents mainly communicate with maintenance agents. Then,
they must communicate with the management agent for re-
sponse. The whole process is listed below.
An aircraft agent checks the faulted parts, and gets its
maintenance sequence determined by the management agent.
If more than one part can be repaired concurrently, then multi-
ple repair bids are sent at one time, or repair bids may be sent
separately. When the maintenance agents get bids, an initial
maintenance plan is generated by dispatching a single person
of the lowest level. Then maintenance agents counterbid to air-
craft agents, start maintenance activities following the order of
logistic delay, locate a failure, disassemble, renew (repair),
assemble and test. Assume TTR= TL + TD + TRN(TRP)+
TA + TT, and the total maintenance time TM= TLD + TTR.
Before the maintenance actions are over, a test is required to
determine whether a human error has occurred. If so, an extra
test is needed to judge whether the part is declared worthless. If
so, an extra spare part and some extra time are required, or
just some extra time is required. Then repeat the process till
a maintenance task is done.
When all the maintenance tasks are done, the maintenance
agents should judge if the maintenance time is within the mis-
Fig. 4 Fleet maintenance decision making based on multi-agent.
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management agent. If not, the maintenance agent checks if
cooperation is applied for. If so, the maintenance agent reports
to the management agent to add personnel; if not, the mainte-
nance agent tries to dispatch personnel of a higher level and
cooperate sequentially, starts the maintenance action and
counts the time. If maintenance cannot be performed within
the demanded time, the maintenance agent reports to the man-
agement agent to add personnel.
The management agent checks reports from the mainte-
nance agent, determines if adding a worker is needed. If adding
personnel is not needed, then add no one; if adding personnel
is needed, then consider mission success rate. If the mission
success rate is not met, then add personnel and restartsimulation; or add no personnel this time. When adding main-
tenance personnel, the management agent adds a minimum
number of personnel of all levels according to the combination
CMP, reallocates maintenance strategies, and repeats the
whole process, till mission requirements are met. Then the
number of maintenance personnel is acquired.
4. Design of algorithms
The conﬁguration of ﬂeet maintenance personnel includes two
parts, the conﬁguration of maintenance strategies and the con-
ﬁguration of maintenance personnel. With the help of
AUML,20 the negotiation algorithms are established based
on CNP.
Fig. 6 Maintenance personnel conﬁguration algorithm.
286 Q. Feng et al.4.1. Maintenance strategy conﬁguration algorithm
The maintenance strategy conﬁguration algorithm is shown in
Fig. 5.
Step 1. The management agent calls for bids.
When a mission is required, the management agent calls all
aircraft agents for bids IB(T|AR), where T represents the time
before a mission starts.
Step 2. Aircraft agents counter bid.
Aircraft agents check the health state Si of each part i,
i= 1, 2,. . ., p. Assume the reliability of part i is Ri, and a ran-
dom failure occurs following the probability 1  Ri, The fail-
ure state is represented as Si = 0, and the healthy state is
represented as Si = 1. For each part i, if Si = 1 is true, then
the aircraft agent counter bids to the management agent to
participate in the mission; else, report to the management
agent the number of faulted parts Fi.
Step 3. The management agent assesses all counter-bids.
The management agent analyses all counter bids and deci-
des the maintenance method according to the function Schedu-
le_MM(). Assume the number of healthy aircraft is m1. If
m1 < AR, then all healthy aircraft are put on mission, while
the management agent communicates with maintenance agents
to evaluate the number of spare parts SPN according to the
function Evaluate_SP(). If SPN > 0, then the maintenance se-
quence is arranged according to the total number of faulted
parts. Different parts ai are renewed till the number of healthy
aircraft m1P AR, and the number of personnel can be added.
If SPN = 0, then the maintenance sequence is arranged accord-
ing to the total number of faulted parts, different parts ai are
repaired till the number of healthy aircraft m1P AR, and
the number of personnel can be added. If m1P AR, then m1
random healthy aircraft are put on mission, the faulted aircraft
are repaired following the ﬁrst come ﬁrst served (FCFS) rule,
and the number of personnel cannot be added.
Then the management agent dispatches the mission and
maintenance sequence to aircraft agents, and the maintenance
method to maintenance agents.
4.2. Maintenance personnel conﬁguration algorithm
The maintenance personnel conﬁguration algorithm is shown
in Fig. 6.
Step 1. Aircraft agents call for bids.
Aircraft agents follow their maintenance sequences, judge
whether their faulted parts can be maintained concurrentlyFig. 5 Maintenance strategy conﬁguration algorithm.according to the function Evaluate_CM(). If so, multiple bids
i: IBi(ai|tai) are called to corresponding maintenance agents at
the same time. If not, bids are called separately. In the above
equation ai represents the name of faulted parts, and tai repre-
sents the maintenance time required.
Step 2. Maintenance agents generate the initial maintenance
scheme.
Maintenance agents analyze all bids. Assume there are k
similar bids. For each bid j, select the ﬁrst available person
(if more than one is available, select the person with the lowest
level). Then the maintenance agents counter bids to aircraft
agents: IBj(aj|Lj|TLDj|TTRj), where aj represents the number
of maintenance personnel for bid j(aj starts from 1), Lj repre-
sents the level, TLDj represents the logistic delay time, or the
earliest start time, and TTRj represents the maintenance time,
TTRj = Ti(aj).
Step 3. Maintenance action.
The aircraft agent responds to the maintenance agent, and
maintenance agents start maintaining part i after time TLDj,
dispatch personnel aj and lasts time TTRj. When maintaining
the ith part with the jth level, human error may occur at the
probability pij, so a test is required to determine whether the
maintenance is successful. If it is successful, then the health
state Si = 1, while the maintenance personnel aj turns avail-
able. If it is unsuccessful, the part may be declared worthless
at the probability Pij, which may cost aij extra maintenance
time and/or bij extra spare parts. Repeat maintenance till it is
successful.
Step 4. Maintenance agents access and adjust maintenance
schemes.
When all maintenance tasks are completed, the mainte-
nance agent counts the actual maintenance time Taj. If
Taj6tai, then the current maintenance scheme can meet the
mission demand and doesn’t need adjusting, and the mainte-
nance agent reports to the management agent that mainte-
nance action is over. If Taj>tai, then check if cooperation is
applied before. If cooperation is applied, then the maintenance
agent reports to the management agent that maintenance
failed, and adds personnel; if cooperation is not applied for,
then check if there is personnel of a higher level available. If
Table 5 TTR (min) needed for Part A.
Part A Level 1 Level 2 Combination
1 2 1 2 1:1
Renew 90 60
Repair 120 80
Table 6 TTR (min) needed for Part B.
Part B Level 1 Level 2 Combination
1 2 1 2 1:1
Renew 120 60 80 40 48
Repair 180 90 120 60 72
A multi-agent based intelligent conﬁguration method for aircraft ﬂeet maintenance personnel 287there is, then select a single person of the higher level, repeat
Steps 2 and 3 to generate maintenance schemes, maintenance
actions, count the maintenance time and report to the manage-
ment agent; if there is no higher level available, then cooperate
with personnel of the same or lower level, repeat Steps 2 and 3
to generate maintenance schemes, maintenance actions, count
the maintenance time and report to the management agent.
The management checks if adding personnel is allowed
according to the function Evaluate_AM(). If it is not allowed
or mission success rate is not met, then stop and count the
number of personnel. If allowed, then add the minimum num-
ber of personnel of all levels according to the combination C,
repeat Steps 2–4 to generate maintenance schemes, mainte-
nance actions and add personnel, till the mission demand is
met. Then count the number of personnel.
The pseudo-code indicating the process of maintenance per-
sonnel conﬁguration is listed below:
Aircraft check parts
Aircraft bids
Maintenance generates scheme
Execute logistic delay
Delay time TLD
Execute locate a failure, disassemble, renew (repair)
Assemble and test
Maintenance time TTR
Judge human error
Count time Taj
If Taj 6 tai
Report ‘‘end mission’’
Else
When Taj>tai
If cooperation == true
Report ‘‘add PN’’
Else if higher level ! = null
Select higher level
Jump to ‘‘maintenance generates scheme’’
Else if higher level == null
Cooperation = true
Jump to ‘‘maintenance generates scheme’’
End
If Evaluate_AM() == false or mission success rate is not met
Add no PN
Else
Add PN (based on combination C)
Jump to ‘‘maintenance generates scheme’’
End
EndTable 7 TTR (min) needed for Part C.
Part C Level 1 Level 2 Combination
1 2 1 2 1:1
Renew 150 60 100 40 50
Repair 180 75 120 50 60
Table 8 TTR (min) needed for Part D.
Part D Level 1 Level 2 Combination
1 2 1 2 1:1
Renew 120 70 80 45 60
Repair 160 90 110 60 705. Case study
5.1. Introduction
Imagine a ﬂeet consisting of 10 aircraft. A mission lasts 3
waves. Each wave requires 8 aircraft, lasts 180 min and has
120 min of preparation time.
Each aircraft contains 4 different parts A, B, C and D.
These parts are repaired by the majors below: special equip-
ment, machinery, ordnance and avionics. The reliability of
each part is 0.7, and the number of spare parts is 10 for each
part. Part A and Part B are located in the same area, and Amust be maintained ﬁrst, while other parts can be maintained
concurrently.
In each major, the maintenance personnel are divided into 2
levels. There are 3 situations: (A) for Level 1 (or the lowest le-
vel), the probability of human error is 0.05; (B) for Level 2 (or
the highest level), the probability of human error is 0.01; (C)
for combination, assume the proportion of personnel with 2
levels is 1:1, and the probability of human error is 0.02. The
consequence of human error is: 50% of human error may lead
to double maintenance time and one extra spare part, while the
other 50% may lead to a half of extra maintenance time but no
extra spare parts.
For illustration purposes, the total maintenance time, TTR,
for each part, is given in Tables 5–8. In engineering applica-
tion, the time to each activity should be divided.
Consider the 3 situations: (A) all Level 1; (B) all Level 2; (C)
combination l:1. After 10000 times of simulation, the results of
the number of personnel are illustrated in Fig. 7, where the
horizontal axis indicates personnel majors and levels, and the
vertical axis indicates the corresponding personnel numbers
(·1 people).
5.2. Comparison
In practice, the most widely applied solution to ﬂeet mainte-
nance personnel conﬁguration is the empirical formula. For
Fig. 7 Simulation results.
Table 9 Comparison results of person numbers according to personnel level.
Situation Model Special
equipment
Machinery Ordnance Avionics
All Level 1 Agent based 3 5 4 3
Empirical formula 4 6 4 4
All Level 2 Agent based 3 3 2 3
Empirical formula 3 4 3 3
Combination l:1 Agent based 4 (2:2) 4 (2:2) 4 (2:2) 4 (2:2)
Empirical formula 4 6 6 4
Table 10 Maintenance method simulation results.
Strategy Failures 350662
Repair Repair Renew
Number 66303 10857 273502
Situation m1 > AR m1 6 AR m1 6 AR
Table 11 PC simulation results for Part A.
Part A Total cases 90522
1 2
Case 90522
288 Q. Feng et al.maintenance personnel conﬁguration for a short term combat
mission the following model4 is applied:
M ¼
X
Nabidi=ni ð2Þ
where N stands for the total number of aircraft, a for the mis-
sion participation ratio, bi for the damage ratio of the ith dam-
age mode, di for the maintenance man-hours (MMH) of the ith
damage mode, ni for the working hours of a single person.
Since the number of personnel cannot be a fraction, the ﬁ-
nal result is rounded up to an integer. Based on the 3 situa-
tions, the ﬁrst 2 can be compared. As for the 3rd situation,
since the empirical formula doesn’t involve personnel level,
the comparison is based on the average MMH. The results
are listed in Table 9.
Compared with the empirical formula, in all different situ-
ations, our agent based model can reduce personnel.
In the 1st situation, the reduction of major special equip-
ment and major avionics is due to the adjustment of
maintenance time, and the reduction of major machinery is
due to the adjustment of maintenance time.
In the 2nd situation, the reduction of major machinery is
due to the adjustment of maintenance time, and the reduction
of major ordnance is due to the adjustment of maintenance
time and the application of cooperation.
In the 3rd situation, the reduction of major machinery and
ordnance are due to the adjustment of maintenance time and
the application of cooperation.
5.3. Analysis
As space is limited, only the ﬁrst situation is analyzed. During
simulation, the variables associated with maintenance strategy
are listed below:(1) Maintenance method
As Table 10 shows, during simulation, failures occur
350662 times. In 273502 cases, parts are renewed, in all cases
m1 6 AR; in 77160 cases, parts are repaired, while in 10857
cases m1 6 AR, and in 66303 cases m1 > AR.
Therefore, the optimal value of variable MM is: when
m1 6 AR, renew is preferred, unless SPN is not sufﬁcient;
and when m1 > AR, repair is preferred.
(2) Personnel cooperation
As Tables 11–14 shows, during simulation, 90522 failures
occurred to Part A, and all are repaired by 1 person. 87299
failures occurred to Part B, among which in 66015 cases Part
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occurred to Part C, among which, in all cases, Part C is re-
paired by 2 persons. 84428 failures occurred to Part D, among
which, in 73649 cases, Part D is repaired by 1 person, in 10779
cases by 2.
Therefore, the optimal value of variable PC is: for a single
part, if cooperation effect is positive, then cooperation is pre-
ferred, and as many persons are arranged as possible. How-
ever, if cooperation effect is not positive, then solo action is
preferred, and as few persons are arranged as possible.
(3) Concurrent maintenance
As Table 15 shows, during simulation, in 27169 cases, Parts
A and B cannot be repaired concurrently, and concurrent
maintenance is not considered. When parts can be concur-
rently maintained, in 56647 cases, parts are repaired concur-
rently. In 18403 cases, parts fail to be repaired concurrently.
Therefore, the optimal value of variable CM is: if multiple
parts require maintenance in a single aircraft, concurrent
maintenance is preferred.Table 15 Concurrent maintenance simulation results.
Situation Parts A and B
Number 27169
Strategy Separately
Table 12 PC simulation results for Part B.
Part B Total cases 87299
1 2
Case 66015 21284
Table 13 PC simulation results for Part C.
Part C Total cases 88413
1 2
Case 88413
Table 14 PC simulation results for Part D.
Part D Total cases 84428
1 2
Case 73649 107796. Conclusions
To tackle the ﬂeet maintenance personnel conﬁguration prob-
lem, an agent-based ﬂeet maintenance personnel conﬁguration
method is put forward. The factors affecting the process of
ﬂeet maintenance are discussed, and their relationship is ana-
lyzed. The optimal conﬁguration of maintenance personnel
can be obtained through communication and reasoning among
agents. A 3-wave mission is cited to illustrate and verify this
model. The main advantages of this method are:
(1) The defect of traditional methods, which depend heavily
on historical data, is overcome.
(2) In the process of ﬂeet maintenance personnel conﬁgura-
tion, the interaction between human and machine,
human error, personnel cooperation and concurrent
maintenance, are systematically considered, which can
describe the ﬂeet maintenance process more precisely.
(3) The multi-agent based method can not only yield the
optimal number of personnel, but also the optimal main-
tenance strategy which can be inferred from the commu-
nication among agents. This is superior to traditional
maintenance personnel conﬁguration methods that can
only yield the number of personnel.
In this paper, 3 categories (20 small classes) of factors are
analyzed, which is close to engineering reality. A reasonable
model and algorithm are proposed, in which parameters like
personnel major, time to disassemble, etc., are given. Their val-
ues can be obtained from experience or statistical data, so the
model has the potential to be applied to engineering.
The risk of this method comes from: (A) model accuracy;
(B) data source availability; (C) data source reliability. For
the risk of model accuracy, the model should be validated
through existing data. For the risk of data source availabil-
ity, the data source for parameters should be investigated
and conﬁrmed. If certain data is not available, then transfer
or adjust the parameters. For the risk of data source reliabil-
ity, highly reliable data (for instance, military ﬁeld data)
should be selected. If possible, select more than one data
source and compare.
The multi-agent based model can provide theoretical sup-
port for maintenance personnel conﬁguration. Based on strict
tests and pilot experiments, the model can then be applied to
improve existing maintenance systems and regulations. Mean-
while, responsibility should be implemented, and supervision
should be strengthened.
This model is the supplement of multi-agent modeling ap-
plied to maintenance modeling and optimization. With appro-
priate modiﬁcation, this model can be used to evaluate the
maintenance system itself or optimize other factors in the
maintenance system.Non concurent Concurrent
18403 56647
Separately Concurrently
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